Aims Inflammation, and the subsequent proliferative activity of vascular smooth muscle cells (VSMCs), is one of the major pathophysiological mechanisms associated with neointimal hyperplasia following vascular injury. Although sulfasalazine (SSZ) has been used as an anti-inflammatory and immune-modulatory agent in various inflammatory diseases, its primary targets and therapeutic effects on vascular disease have not yet been determined. We investigated whether SSZ could suppress VSMC growth and prevent neointimal hyperplasia. Methods and results SSZ was found to have pro-apoptotic and anti-proliferative activity in cultured VSMCs. Unexpectedly, these effects were not mediated by nuclear factor kappa B (NF-kB) inhibition, which has been suggested to be the anti-inflammatory mechanism associated with the effects of SSZ. Instead, cell-cycle arrest of the VSMCs was observed, which was mediated by induction of haem oxygenase-1 (HO-1) followed by an increased expression of p21 waf1/Cip1
Introduction
Proliferative vascular disease such as post-angioplasty neointimal hyperplasia or restenosis has been a persistent problem in clinical practice, even in the drug-eluting stent (DES) era. 1, 2 The inflammatory and proliferative responses of vascular smooth muscle cells (VSMCs) following injury is one of the major pathophysiological mechanisms underlying vascular disease.
3 Sulfasalazine (SSZ) is an antiinflammatory and immune-modulatory agent used for chronic inflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease. 4, 5 However, the underlying mechanisms of action of SSZ have remained a matter of debate, and its possible therapeutic effects on proliferative vascular disease remain to be determined.
Oxidative stress and the production of intracellular reactive oxygen species (ROS), such as superoxide (O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH 2 ), have been implicated in the pathogenesis of cardiovascular disease. 6, 7 Several key findings support the concept that ROS can stimulate VSMC proliferation, contributing to the pathogenesis of neointimal hyperplasia after arterial injury. However, recent studies have challenged the dogma that oxidants are detrimental. When the ROS level exceeds the defence capacity, it may induce damage. 8 By contrast, low levels of ROS may stimulate defence networks and play an essential role in adaptation, leading to prevention of further damage. 9 In this context, intracellular antioxidants are important for the regulation of cell adaptation in † The first two authors contributed equally to this work. response to oxidative stress, which stimulates key cellular processes such as proliferation and apoptosis.
A number of antioxidant and detoxification genes including haem oxygenase-1 (HO-1) have the antioxidant response element (ARE) in their promoter region and are under the control of nuclear factor erythroid-2-related factor 2 (Nrf2). 10, 11 Recently, in neural cells, Nrf2 and endogenous antioxidant enzymes were reported to be activated by low dose 4-hydroxy-trans-2-nonenal (4-HNE). 9, 12 Prior studies showed that 4-HNE, in the VSMCs, was induced by SSZ, 13, 14 which inhibited glutathione-S-transferases (GSTs), a major determinant of the intracellular concentration of 4-HNE. 15, 16 Thus, there appears to be a high probability that the activity of SSZ plays a role in the regulation of the antioxidant system in VSMCs.
In this study, we investigated whether SSZ could suppress VSMC growth in vitro and in vivo rat carotid artery injury model. To investigate the underlying mechanisms, we studied whether SSZ could activate the regulator of antioxidant genes and induce endogenous antioxidant enzymes in the VSMCs, to provide protection against oxidative stress, which would parallel the inflammatory and proliferative phases of vascular injury.
Methods
Expanded full methods and associated references are described in the Supplementary material.
Cell culture and HO-1 shRNA design
VSMCs were isolated from the thoracic aorta of Sprague-Dawley rats using a previously described method. 17 To silence rat HO-1 expression, a target site of rat HO-1 mRNA was used to design CMV-HO-1-shRNA (see Supplementary material online, Figure S1 ). 18 
Viability, proliferation, apoptosis, and cell-cycle analysis
Cell viability after 48 h of SSZ treatment was evaluated using the Trypan Blue exclusion assay. Cell proliferation after 24 h of SSZ treatment was measured by the incorporation of bromodeoxyuridine. Apoptosis and the cell-cycle status after 18 and 48 h of SSZ treatment were evaluated by flow cytometry.
Reverse transcriptase-polymerase chain reaction (RT-PCR) and immunoblots
Total RNA was extracted from the VSMCs and PCR was performed using specific primers. Western blotting was performed as described previously. 19 
Electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation assay (ChIP assay)
Nuclear extracts from the cells exposed to SSZ or in combination with TNF-a (10 ng/mL), for 40 min, were prepared. The EMSA for nuclear factor kappa B (NF-kB) and Nrf2 was performed as previously described. 20 To evaluate whether Nrf2 binds to the ARE of the rat HO-1 promoter, a ChIP assay was carried out following the ChIP assay kit protocol (Upstate, MA, USA).
Detection of in situ reactive oxygen species
To measure the generation of ROS, in vitro, we added the fluorescent indicator dihydroethidium (DHE) to the media. Within the cells, the superoxide (O 2 -) oxidized the indicator, which resulted in fluorescent products that were trapped by intercalation into the DNA. 21 
Carotid artery injury model, drug treatment, and adenoviral vector transfection
All animal experiments were performed after receiving approval from the Institutional Animal Care and Use Committee (IACUC) of Clinical Research Institute at Seoul National University Hospital and all protocols complied with the US National Institutes of Health 'Guide for the Care and Use of Laboratory Animals' (NIH publication No. 85-23, revised 1996). Sprague-Dawley rats received SSZ intraperitoneally. Right common carotid arteries were injured by an intraluminal 2F arterial catheter. For the viral and plasmid transfection, Adv-GFP or Adv-Nrf2DN and control shRNA plasmid or HO-1 shRNA plasmid was instilled for 30 min as described previously. 22 Three and 14 days after injury, the tissues were harvested, and morphometric analysis and immunohistochemistry were performed.
Statistical analyses
All data were expressed as mean + SE. Comparisons of the means were performed using the Student's t-test for each paired experiments and ANOVA followed by Bonferroni corrections for multiple comparisons. A P , 0.05 was considered statistically significant.
Results

SSZ modulates apoptosis and proliferation of the VSMCs
In order to examine the effects of SSZ on the VSMCs in the context of vascular injury, first we performed an immunohistochemical analysis of the injured arterial tissue and found that TNF-a was significantly increased in the medial VSMC layer (see Supplementary material online, Figure S2 ), consistent with the previous report. 23 We examined the effects of SSZ in vitro in the presence of TNF-a. The cell viability test showed that after 48 h of exposure to SSZ treatment, SSZ decreased the number of viable VSMCs in a dose-dependent manner, and this was accentuated by the presence of TNF-a ( Figure 1A) . The apoptosis analysis showed that SSZ increased the population of apoptotic cells (sub-G1) at concentrations of 100 mM or higher, and this was also exaggerated by the presence of TNF-a ( Figure 1B) . In addition to the pro-apoptotic activity, SSZ significantly inhibited the induction of DNA synthesis in the VSMCs stimulated by platelet-derived growth factor (PDGF)-BB in a dose-dependent manner, whereas it did not at basal conditions without proliferative stimuli. A statistically significant anti-proliferative effect was observed at concentrations of 100 mM or higher (P , 0.05) ( Figure 1C) . To clarify the cellular mechanisms associated with the antiproliferative effects on the VSMCs, cell-cycle profiles were examined. The flow cytometric analyses of the DNA content demonstrated that SSZ reduced the number of cells at the S-phase, which was increased by PDGF-BB ( Figure 1D ) in a dose-dependent manner. The reduction of the number of cells at the S-phase was accompanied by an increase in the fraction of G1 cells, suggesting that SSZ suppressed cell-cycle progression.
SSZ inhibits TNF-a-induced NF-kB activation only at extreme concentrations
The results of previous reports suggested that SSZ has a potent inhibitory effect on NF-kB activation. 24, 25 Therefore, we examined the inhibitory effects of SSZ on the NF-kB binding activity in nuclear preparation by EMSA to determine whether the anti-proliferative effects of SSZ observed above were mediated by the inhibition of NF-kB activation. TNF-a increased NF-kB DNA binding activity in the nuclear extracts, which were significantly inhibited by SSZ ( Figure 2 ). However, with regard to the effective concentration of SSZ, the inhibition of NF-kB binding to DNA was negligible when the TNF-a-stimulated cells were exposed to SSZ at concentrations up to 100 mM. The inhibition of NF-kB DNA binding activity was only evident at high concentrations, at least 200 mM or higher. The serum SSZ concentration, after a tolerable dose of 3-6 g per day, has been reported to be ,100 mM. 26 This suggests that the anti-proliferative effects of SSZ on the VSMCs, within the in vivo therapeutic window, might be mediated through a different mechanism that is unrelated to the NF-kB axis. Therefore, in further in vitro experiments, we selected 50-100 mM as the concentration of SSZ.
Inhibition of VSMC proliferation by SSZ is mediated through HO-1 and p21
First, we tested whether SSZ could activate genes associated with antioxidant enzymes such as HO-1, NAD(P)H:quinone oxidoreductase (NQO)-1 and GST-4. The VSMCs were treated with SSZ at 50 mM for 6 h. SSZ markedly induced HO-1 mRNA, whereas GST-4 and NQO-1 were mildly induced ( Figure 3A and see Supplementary material online, Figure S3A ). The real-time PCR results showed that the induction of HO-1 mRNA by SSZ was evident as early as 6 h ( Figure 3B) . HO-1, a stress-response protein, is known to confer protection against stress and has anti-proliferative effects. 27 We examined the dose-response of HO-1 induction. SSZ induced HO-1 expression at a low concentration and in a concentration-dependent manner ( Figure 3C and see Supplementary material online, Figure S3B ). We also investigated the temporal response of HO-1 to the VSMCs treated with SSZ. The induction of HO-1 by SSZ was evident as early as 6 h, and augmentation lasted for at least 24 h ( Figure 3D and see Supplementary material online, Figure S3C ). This was also evident on the immunofluorescent staining of HO-1 in the VSMCs ( Figure 3E) .
We next investigated whether HO-1 mediates the antiproliferative effects of SSZ on the VSMCs. We added the shRNA specific to HO-1 to confirm that the anti-proliferative effects were mediated through HO-1. The inhibitory effect of SSZ, on PDGF-BB-induced cell proliferation, was significantly reversed by HO-1 silencing by the HO-1 shRNA plasmid ( Figure 3F ). In addition, the flow cytometry demonstrated that cell-cycle arrest in the G1/G2 transition phase, by SSZ, was also abrogated by HO-1 silencing ( Figure 3G ). The anti-proliferative effect of HO-1 is known to be mainly due to the downstream modulation of cell-cycle check point proteins such as cyclin-dependent kinase inhibitors p21 waf1/Cip1 and p27 kip1 . 28 Therefore, we investigated the effects of SSZ on the protein expression of p21 waf1/Cip1 and p27 kip1 . The expression of p21 waf1/Cip1 , but not p27 kip1 , was significantly increased in the SSZ-treated VSMCs ( Figure 3H ). These effects were also significantly attenuated by HO-1 silencing. Additionally, we performed an experiment using a HO-1 chemical inhibitor, zinc protoporphyrin IX (ZnPP), to demonstrate HO-1-mediated anti-proliferative and pro-apoptotic effects of SSZ (see Supplementary material online, Figure S6 ).
Taken together, SSZ-induced HO-1 expression resulted in p21 up-regulation and subsequent cell-cycle arrest.
HO-1 induction by SSZ is mediated by ROS-dependent ARE/Nrf2 signalling
Since HO-1 is known to respond to a variety of oxidative stresses, 29 we investigated whether the anti-proliferative effects of SSZ were dependent on intracellular ROS generation. Intracellular ROS generation was determined by fluorescence microscopy and fluorometer using the fluorescent indicator DHE as a probe to detect ROS in the VSMCs. SSZ significantly increased ROS generation in the VSMCs ( Figure 4A and B). SSZ-induced ROS production was strongly attenuated by pre-incubation of the cells with the antioxidant, N-acetylcysteine (NAC). Upon exposure to ROS, Nrf2 in the cytoplasm was reported to be dissociated, released, and then translocated to the nucleus. 30 In the next experiment, to determine the effects of SSZ on Nrf2, we found that it increased the intracellular protein levels of Nrf2 ( Figure 4C ), especially in the nuclear rather than in the cytosolic fraction. Nuclear translocation was blocked by the antioxidant, NAC, suggesting that the effects were mediated by ROS. The increased Nrf2 expression, induced by SSZ, was confirmed by immunofluorescent staining, which showed that Nrf2 had a nuclear localization after 3-6 h of SSZ treatment ( Figure 4D) .
To further assess whether SSZ increases the binding activity of Nrf2 to the ARE, a nuclear extract isolated from SSZ-treated VSMCs was probed with a radiolabelled ARE sequence. The EMSA revealed that SSZ increased Nrf2 binding activity to ARE ( Figure 4E) . To confirm the binding of Nrf2 to the ARE of HO-1, we performed ChIP assays ( Figure 4F ). SSZ treatment increased the PCR products for ARE of the HO-1 gene using nuclear extracts immunoprecipitated with antibodies to Nrf2. These findings suggest that the recruitment and binding of Nrf2, to the promoter region of HO-1 gene, were significantly increased after SSZ treatment.
We then performed experiments to demonstrate that Nrf2 is required for HO-1 induction by SSZ. We tested whether Nrf2 up-or down-regulation could augment or reverse HO-1 induction by SSZ. Transfection with Ad-Nrf2 significantly augmented SSZ-induced HO-1 expression at both the mRNA and protein levels ( Figure 4G ). By contrast, transfection with Ad-Nrf2DN reversed the SSZ-induced HO-1 expression.
Taken together, these findings suggest that the underlying mechanism of HO-1 induction by SSZ was found to be mediated by ROS production, which activated the nuclear translocation and binding of Nrf2 to ARE of the HO-1 promoter region, leading to increased HO-1 expression.
SSZ suppresses neointimal hyperplasia after arterial injury
On the basis of the in vitro data that SSZ suppressed VSMC proliferation, we investigated the anti-proliferative effects of SSZ in vivo using a rat carotid artery balloon injury model. Administration of SSZ markedly reduced the development of neointimal hyperplasia 2 weeks after balloon injury ( Figure 5A ). Quantitative morphometric analysis showed that SSZ significantly reduced neointimal hyperplasia and increased the lumen area ( Figure 5B) . To examine the effects of SSZ on VSMC proliferation in vivo, we performed immunohistochemistry for the proliferating cell nuclear antigen (PCNA), a marker for cell proliferation. On Day 3, 45.7 + 4.8% of the nuclei in the vehicle-treated group were PCNA-positive, whereas only 18.7 + 2.6% in the SSZ-treated group were PCNA-positive (P , 0.05) ( Figure 5C and D) . To evaluate apoptosis in vivo, we used TUNEL staining. SSZ significantly increased the fraction of apoptotic cells (39.1 + 3.41%) compared with the vehicle-treated group (9.5 + 6.16%, P , 0.05) ( Figure 5E and F) . To verify whether the administration of SSZ induced ROS production in the balloon-injured vessels similar to the above in vitro experiments, we estimated the superoxide levels by fluorescence indicator staining. The ROS were significantly increased in the injured carotid arteries of the SSZ-treated rats on Day 3 after the balloon-injury ( Figure 5G and H ) .
In addition, we performed immunohistochemistry using anti-Nrf2 and anti-HO-1 antibodies to examine whether Nrf2 and HO-1 were activated after SSZ treatment. With SSZ treatment, the number of VSMCs, with nuclear staining of Nrf2, was significantly higher in the medial layer of the injured arteries ( Figure 5I ) and there was significant induction of HO-1 expression ( Figure 5I ).
Inhibition of Nrf2 or HO-1 abrogates SSZ's effect on neointimal hyperplasia
To verify the hypothesis that Nrf2-mediated HO-1 induction by SSZ has a major role in the suppression of neointimal formation in vivo, we then examined whether the downregulation of Nrf2, using Ad-Nrf2DN, reversed the suppression of neointimal hyperplasia by SSZ. Successful adenoviral transfection, to the artery, was measured by the presence of GFP (data not shown). Representative sections and morphometric analysis 2 weeks after injury showed that SSZ treatment significantly reduced intima-to-media (I/M) ratio compared with the vehicletreated group, which was significantly reversed by Nrf2 blocking (Figure 6A and B) . The immunoblots from the balloon-injured tissues confirmed HO-1 expression induced by SSZ and its reversal by Nrf2 blocking ( Figure 6C) .
We performed an additional experiment using selective HO-1 shRNA plasmid to verify whether inhibition of neointimal hyperplasia by SSZ was again reversed through HO-1 inhibition in vivo. The transfection efficiency and knockdown efficiency were confirmed (see Supplementary material online, Figures S7 and S8) . SSZ reduced the neointimal hyperplasia in the control shRNA transfected group. But such inhibitory effect of SSZ on neointimal hyperplasia was not observed in HO-1 shRNA transfected group, indicating that SSZ inhibits neointimal hyperplasia through HO-1 induction ( Figure 6D) .
Therefore, these findings suggest that the Nrf2 and its downstream molecule, HO-1, which be activated and increased by SSZ, inhibit neointimal hyperplasia.
Discussion
In the present study, we addressed the effects of SSZ on proliferative vascular disease. We demonstrated that SSZ has pro-apoptotic and anti-proliferative action on the VSMCs. Such effects were independent of TNF-a-induced NF-kB modulation, since the concentration of SSZ at which these effects were observed was relatively low and did not significantly antagonize NF-kB activation. Therefore, we investigated another possible mechanism by which SSZ modulates the proliferation of VSMCs. We found that SSZ induced HO-1, leading to p21 up-regulation and cell-cycle arrest. The mechanism of HO-1 induction, by SSZ, was observed to be by ROS production, which activated nuclear translocation of Nrf2, a transcription factor that binds to ARE of the HO-1 promoter region. We also demonstrated that SSZ treatment significantly inhibited neointimal hyperplasia of balloon-injured carotid arteries. Such effects correlated with increased ROS generation or induction of Nrf2 and HO-1 in the injured vasculature of the SSZ-treated animals. Finally, we confirmed that Nrf2 or HO-1 blocking blunted SSZ's inhibitory action on neointimal hyperplasia. This is the first report on the novel effects of SSZ on VSMC biology. Treatment with SSZ resulted in ROS-dependent, Nrf2-mediated, HO-1 expression followed by p21 induction, and cell-cycle arrest. The schematic illustration of the proposed mechanism of action is presented in Figure 7 .
The role of ROS as 'bona fide' second messengers in VSMC signalling
ROS are key components for the integration of VSMC signalling events. Our data showed that ROS are important mediators that regulate proliferation and cell-cycle progression in VSMCs. Recently, investigators have come to recognize the role of ROS as 'bona fide' second messengers in cell signalling as well as the modulation of gene expression. Several studies have shown that ROS can positively and negatively regulate VSMCs. We supposed that this paradoxical effect of ROS on VSMC growth might be related to the synthetic level of ROS. Recent studies have shown that endogenous low levels of ROS modulate neointimal hyperplasia; micromollar concentrations (mM) of ROS induced cell-cycle arrest; and millimollar concentrations (mM) of ROS resulted in apoptosis. However, apoptosis of the VSMCs caused by excessive ROS stimulated the inflammatory response and this reversed the effects of modulating neointimal hyperplasia. 31 We could not directly measure the absolute levels of the ROS, because different types of ROS can be induced by SSZ treatment. However, we could measure the relative levels of ROS using hydrogen peroxide (H 2 O 2 ) as a positive control. The ROS level induced by SSZ was similar to the levels of ROS induced by micromollar concentrations of H 2 O 2 (see Supplementary material online, Figure S5 ). Oxidative stress at levels that are 'too low' to cause apoptosis can in certain cases induce growth arrest. H 2 O 2 in the micromollar range has been shown to induce cell-cycle arrest in the G0/G1 phase, whereas higher concentrations in the millimollar range have been associated with apoptosis. 31, 32 Because SSZ has been identified as a potent inhibitor of GSTs, and thus as an inducer of 4-HNE, 13 ,14 the underlying mechanism associated with SSZ activation of the endogenous antioxidant pathway, Nrf2 and HO-1, as noted in the present study, might be through 4-HNE. Recently, it has been shown that HNE induces Nrf2-dependent HO-1 expression and elicits adaptive responses to oxidative stress in several cell types. 33 Treatment with 4-HNE was shown to arrest the cell cycle at the G0/G1 phase by p21 induction. 34 The results of these previous experiments corroborate our results and suggest that 4-HNE may be an endogenous mediator of SSZ that activates antioxidant genes.
The novel mechanism of SSZ: ROS-dependent
Nrf2-mediated HO-1 induction SSZ was developed as an anti-rheumatic drug in the 1940s, but its actual therapeutic mechanism remains elusive. The therapeutic benefits of SSZ for inflammatory bowel disease and rheumatoid arthritis have been suggested to be due to its ability to inhibit NF-kB activation, resulting in the down-regulation of pro-inflammatory cytokine mRNA expression. 4, 5 In previous studies, SSZ has been shown to inhibit NF-kB activation via direct inhibition of IkB kinase in cultured colon cells. In addition, SSZ has been shown to specifically inhibit the activation of NF-kB, block the cell cycle, and induce apoptosis in several cancer cell lines. 24 However, the underling mechanisms involved in its antiinflammatory effects remain unclear and controversial. The serum SSZ concentration, after an average oral dose of 3-6 g per day, is reported to be 10-15 mg/mL (equivalent to 25-38 mM). 26 The concentration range for effective inhibition of NF-kB in vitro has been reported to be 500-2000 mM; 20-to 100-fold higher than the plasma concentration range. In our study, SSZ at lower concentrations (50 mM) suppressed VSMC proliferation through Nrf2-mediated HO-1 induction. Therefore, the major mechanism of action of SSZ for regulation of inflammation and proliferation in vivo may not be NF-kB inhibition, but rather the induction of HO-1.
HO-1, an inducible enzyme by various stimuli, such as cytokines and oxidants, is the rate-limiting enzyme in the catabolism of haem into bilirubin, which exerts additional antioxidant effects. 35 We showed that the level of HO-1 was significantly increased in the neointima and tunica adventitia after treatment with SSZ. Overexpression of HO-1 in the arterial walls has been shown to reduce neointimal hyperplasia subsequent to vascular injury in animals. 36 Our findings combined with the previous reports suggest a novel anti-proliferative mechanism associated with HO-1 induction by SSZ. These results might have clinical benefit for patients with coronary artery disease. The efficacy of SSZ for the treatment of coronary artery disease as an additional candidate for DES merits further investigation to determine its therapeutic significance in patients with vascular proliferative disorders.
In conclusion, SSZ induces HO-1 via ROS-dependent Nrf2 signalling, leading to inhibition of VSMC proliferation and subsequent reduction of neointimal hyperplasia. Our findings suggest that SSZ modulates endogenous antioxidant enzymes in VSMC against oxidative stress following vascular injury and may be a potential therapeutic option for the treatment of patients with proliferative vascular disease.
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